PURPOSE. Perinatal hypoxic-ischemic (HI) injury causes significant damages in the immature retina. The brain-derived neurotrophic factor is well known for its neuroprotective role but has limited clinical applications. A selective agonist of tyrosine kinase receptor B, 7,8-dihydroxyflavone (DHF), is a powerful therapeutic tool, when administered systemically. However, it remains unclear whether DHF treatment can protect the immature retinas against HI injury.
I t is estimated that 1.15 million infants develop hypoxicischemic (HI) encephalopathy every year worldwide. Up to 60% of these cases result in death or in severe disabilities, including mental retardation, epilepsy, and cerebral palsy. 1 Specifically, the prevalence of visual impairments, such as strabismus, ocular motor apraxia, nystagmus, optic atrophy, restriction of the visual field, 2,3 defective color vision, 4, 5 and reduced grating acuity 4, 5 range from 66% to 94% in these children. 6, 7 The treatment and long-term care of the affected children consist of a huge burden and cost to the family, professionals, and society. The above-mentioned visual impairments in those brain-damaged infants have been mainly attributed to occipital lesions in the brain. 4 However, we have previously demonstrated that HI insult can also cause significant histologic and functional damages to the immature retina, including hypoxic stress, apoptosis, and neuroinflammation. 8, 9 Therefore, it is important to implement a neuroprotective strategy that is beneficial for both the retina and the brain.
Brain-derived neurotrophic factor (BDNF) is known to mediate neuronal survival, differentiation, and neurogenesis, mainly by activating the tyrosine kinase receptor B (TrkB), which in turn stimulates various signaling cascades, such as the mitogen-activated protein kinase (MAPK) and phosphatidylinositol-4,5-bisphosphate 3-kinase (PI3K) pathways. 10 However, clinical trials using recombinant BDNF have been disappointingly unsuccessful, 11 presumably because of the poor delivery and short half-life of the protein and other limitations. 12 A selective TrkB agonist, 7,8-dihydroxyflavone (DHF), can cross the blood-brain barrier when administered systemically and has been demonstrated to be a powerful therapeutic tool in animal models of excitotoxicity, Alzheimer's, and Parkinson disease. 12, 13 An in vitro study 14 showed that, in addition to stimulating neuritogenesis, DHF also protects retinal ganglion cells (RGCs) against excitotoxicity and oxidative injury. However, it remains unclear whether systemic DHF treatment can protect the immature retina against HI injury.
Many nonmammalian vertebrates have the remarkable ability to replace neurons, which are lost after retinal damage. 15 However, the ciliary marginal zone, which exists in amphibians and is analogous to the stem cell zones in the brain, is not present in the mammalian retina. In fish, the initially quiescent Müller glia (MG) responds to damage by reentering the cell cycle and dedifferentiating to form multipotent progenitors. 16 Instead, the mammalian MG normally responds to damage by becoming reactive and undergoing gliosis. 16 In rodents, MG can form new neurons, such as photoreceptors, but only in very limited numbers. 17 These responses are mediated by growth factors produced by retinal cells, such as the basic fibroblast growth factor and BDNF 10 and their enhancement can be an exciting strategy for retinal repair. 18 Here, we investigate whether DHF treatment can promote the proliferation and transdifferentiation of MG or other specific neuron subtypes and restore the function of the immature retina after HI injury.
MATERIALS AND METHODS

Animals
This study was approved by the Animal Care Committee of the Chang Gung Memorial Hospital in Kaohsiung and is in agreement with the ARVO Statement for the Use of Animals in Ophthalmic and Vision Research. Ten to 12 Sprague-Dawley rat pups per dam were used. The pups were housed in a temperature-and humidity-controlled colony room and were kept in a 12/12-hour light/dark schedule. The pups were weaned at postnatal (P) day 21, and then housed in groups of 4 to 5 per cage.
HI Eye Injury
On P7, animals were anesthetized with 1% to 2% isoflurane, followed by permanent ligation of the right common carotid artery with 5-0 surgical silk. After surgery, the pups were returned to the dam for a 1-hour recuperation period before HI. The animals were then placed in airtight 500-mL containers partially submerged in a 378C water bath, through which humidified 3 L/min 8% oxygen (balance, nitrogen) was maintained for 2 hours. 8 After completion of the procedure, the pups were placed back in their cages. Pups that did not receive the vessel occlusion and hypoxic injury were considered as sham controls.
Drug Administration
The pups received an intraperitoneal injection of either DHF (5 mg/kg; Tokyo Chemical Industry Co., Tokyo, Japan) 12 or dimethyl sulfoxide (DMSO; 10%; Sigma-Aldrich Corp., St. Louis, MO, USA) 2 hours before and 18 hours after the induction of HI injury. Extracellular signal-regulated kinase (ERK) inhibitor, PD98059 (10 mg/kg; Cell Signaling Technology, Danvers, MA, USA), 19 was injected intraperitoneally, 1 and 6 hours post-HI injury. For neurogenesis studies, pups were injected with 5-bromo-2 0 -deoxyuridine (BrdU; 100 mg/kg; Sigma-Aldrich Corp.) immediately, 24 and 48 hours after HI injury.
Assessment of Retinal Injury
After anesthetizing with isoflurane, the rats were perfused transcardially with saline and then with cold phosphatebuffered 4% paraformaldehyde. At P8, P14, and P30, the eyes were removed, processed for paraffin embedding, and 4-lmthick coronal paraffin sections were used. Two sections containing one optic nerve stalk per retina were selected for hematoxylin and eosin staining. Images were acquired using a microscope (Nikon, Tokyo, Japan). The extent of retinal damage was quantified by two independent observers, in two nonoverlapping visual fields (250 3 250 lm) within central areas (100 lm from the optic disc). 8 
Functional Evaluation by Electroretinography
Full-field scotopic flash electroretinograms (ERGs) were recorded from both eyes (RETIport ERG; Roland Consult, Brandenburg, Germany) at P14, P22, and P30, as previously described. 8 The pupils were dilated by 1% Mydriacyl (Alcon, Puurs, Belgium) and 1% Cyclogyl (Alcon, Puurs, Belgium), and the eyes were dark-adapted for 1 hour. After the rats were anesthetized by intramuscular injection of Zoletil 50 (25 mg/ kg; Virbac, Carros, France) and Rompun (10 mg/kg; Bayer Korea, Seoul, Korea), the recording electrode was placed on the cornea with 0.5% methyl cellulose (Omni Vision, Zürich, Switzerland). A reference electrode was inserted to the subcutaneous area of the forehead, and a ground electrode was inserted to subcutaneous tissue on the back. The luminance of the stimulus was 3 cds/m 2 , with a duration of 10 ms. Scotopic 0-dB ERGs were recorded with a standard white flash and a dark background. Twenty responses, elicited by identical flashes and applied at 10-second intervals, were averaged. 9 
Immunohistochemic Staining and Quantification
Paraffin sections were dewaxed, hydrated through graded concentrations of alcohol, and placed in phosphate-buffered saline. Cryosections were prepared after fixation in 4% paraformaldehyde and dehydration in a sucrose gradient. After antigen unmasking and blocking of nonspecific sites, the sections were incubated overnight at 48C with primary antibodies against immunoglobulin G (IgG; 1:100; Millipore, Temecula, CA, USA), ED1 (1:100; Biosource, Camarillo, CA, USA), antiglial fibrillary acidic protein (GFAP; 1:200; Millipore), and BrdU (1:100; Novocastra, Newcastle upon Tyne, UK), and subsequently with secondary antibodies for 60 minutes at room temperature. The immunoreactivity of IgG was evaluated at a 2003 magnification by calculating the integrated optical density with the ImagePro Plus 6.0 software. 20 The number of ED1 þ cells was counted in an area of 400 3 100 lm at 2003 magnification. 
Terminal Deoxynucleotidyl Transferase dUTP Nick-End Labeling (TUNEL)
The ApopTag fluorescent direct in situ apoptosis detection kit (Millipore) was used, and samples were counterstained with
. 21 The number of TUNEL þ cells was counted in an area of 40 3 100 lm at 2003 by using a fluorescence microscope (Nikon).
Reverse Transcription-Polymerase Chain Reaction (RT-PCR)
Retinas were dissected and ground with a mortar and pestle in liquid nitrogen under RNase-free conditions. Total RNA was extracted using TRIzol reagent (Invitrogen, Carlsbad, CA, USA). Total RNA (1 lg) was reverse transcribed using SuperScript III Reverse Transcriptase (Invitrogen). The cDNA was amplified by PCR by using the following gene-specific primers: BDNF, 5 0 -AGCTTCATTCTGAGAGACG-3 0 (forward) and 5 0 -GTCAACA TAAACCACCGACA-3 0 (reverse); and glyceraldehyde 3-phosphate dehydrogenase (GAPDH), 5
0 -TGTGAACGGATTTGGCCG TA-3 0 (forward) and 5 0 -GATGGTGATGGGTTTCCCGT-3 0 (reverse). PCR amplification products were separated in 2% agarose (Lonza, Rockland, ME, USA) gels with ethidium bromide (0.5 mg/L) in Tris-borate-ethylenediaminetetraacetic acid buffer. Gel bands were quantified by densitometry, data were normalized against GAPDH (Millipore) expression, and the ratio of gene expression in the treated eyes to the sham controls was calculated. Quantitative PCR was performed on an ABI 7500 sequence-detector system (Applied Biosystems, Grand Island, NY, USA) in 50-mL reaction volumes by using a TransStart Green qPCR SuperMix Kit (Catalog no. AQ101-01; TransGen Biotech, Beijing, China). The 2
ÀDDCt method was used to determine the relative mRNA fold changes. Assays were performed at least 3 times.
Western Blotting
Retinas were homogenized in cold lysis buffer, and 40-lg samples were resolved by 10% sodium dodecyl sulfate polyacrylamide gel electrophoresis and blotted to nitrocellulose membranes. Membranes were blocked with 5% nonfat dry milk, incubated with primary antibodies and horseradishconjugated secondary antibodies, and the signal was visualized with enhanced chemiluminescence. The following primary antibodies were used: anti-TrkB (1:2000; Abcam, Cambridge, UK), anti-phosphorylated (p) TrkB (1:1000; Millipore), anti-ERK (1:1000; Cell Signaling Technology), anti-pERK (1:1000; Millipore), anti-p38 (1:1000; Abcam), anti-pp38 (1:1000; Abcam), anti-protein kinase B (Akt, 1:1000; Cell Signaling Technology), and anti-pAkt (1:1000; Cell Signaling Technology). After densitometric analysis, data were normalized against GAPDH (Millipore) or tubulin (Millipore) and the ratio of protein expression in the treated eyes to the sham controls was calculated.
Statistics
Statistical analyses were performed by using GraphPad Prism 4 software (GraphPad Software, San Diego, CA, USA) and 1-way or 2-way ANOVA. Values were considered significant at P < 0.05 and data were presented as mean 6 standard error of the mean.
RESULTS
Systemic DHF Treatment Activates TrkB Without Increasing Total TrkB and BDNF Levels in Immature Retinas After HI Injury
The BDNF mRNA levels were elevated in the contralateral retina 12 to 18 hours post-HI injury. In contrast, in the ipsilateral retina, BDNF mRNA decreased as early as 6 hours after injury, reached the lowest level after 24 hours (P < 0.05), and then returned to the basal level 48 hours after injury (Fig.  1A) . At P10, the BDNF mRNA level was lower in HI-injured retinas than sham controls and there was no obvious difference between DHF-and DMSO-treated groups (Fig. 1B) . TrkB phosphorylation, assessed by Western blotting, was significantly increased in DHF-treated retinas compared with DMSOtreated and sham control groups at 24 hours after HI. However, there were no differences in the Trk protein expression between the controls and the treated HI groups ( Fig. 1C ; P < 0.05).
Systemic DHF Treatment Attenuates Long-Term Retinal Dysfunction After HI Injury
The sequential ERG demonstrated a progressive increase in both the a-(correlated with photoreceptor activity) and b-wave (correlated with depolarizing MG and bipolar cells) amplitudes at P14 and P22 in sham controls. The maturation process of the b-but not the a-wave in ERG was significantly altered after HI injury. Both DHF-and DMSO-treated injured rats showed a markedly depressed b-wave at P14, P22, and P30 (P < 0.001). However, the b-wave amplitude in the DHF group was significantly higher than in the DMSO group at P14, P22, and P30 ( Fig. 2A ; P < 0.001).
Systemic DHF Treatment Provides Long-Term Protection Against HI Injury at Pathologic Level, but Not in the Early Stages of Injury
In agreement with the ERG signals, the RGC number and the thickness of the inner plexiform layer (IPL) and INL, but not the outer plexiform layer or the ONL, were markedly decreased in HI-injured rats at P14 and P30. However, compared to DMSO, treatment with DHF significantly increased RGC count and the IPL and INL thickness at P14 (P < 0.05) and P30 (P < 0.01). There were no significant differences between the DHFtreated and sham control group at P14 and P30. In contrast, there were no significant differences between the DHF-and DMSO-treated groups early (24 hours) after HI injury (Figs. 2B,  2C ).
Systemic DHF Treatment Does Not Reduce Early Apoptosis, Neuroinflammation, and BRB Damage, but Decreased Late Gliosis
Twenty-four hours post-HI injury, TUNEL þ cells were significantly increased in the IPL and INL of the DHF-(P < 0.01) and DMSO-treated groups (P < 0.001) than that of the sham controls. ED1 þ cells were significantly more abundant in these layers in the DHF-and DMSO-treated groups (P < 0.01) than in sham controls. There was also prominent extravasation, seen by IgG staining in the DHFand DMSO-treated groups. However, there were no significant differences between the treated groups in the number of TUNEL þ or ED1 þ cells and in the IgG immunoreactivity early after HI injury. In contrast, gliosis, evident by GFAP immunostaining, was quite strong and extensive throughout all retinal layers in the DMSO-but not in the DHF-treated and sham control groups at P30. The semiquantitative grading of GFAP immunoreactivity showed that this was significantly higher in the DMSO-than the DHF-treated (P < 0.01) or sham control (P < 0.05) groups. No significant difference was found between DHF-treated and sham control groups (Fig. 3) .
Systemic DHF Treatment Enhances MG Survival and Bipolar Cell Differentiation After HI Injury
At P10, the total number of BrdU þ cells in flat-mount retinas was higher in the HI-injured than in the sham control rats (P < 0.001). However, there were no significant differences upon DHF or DMSO treatment. In contrast, the DHF-treated group had significantly more BrdU þ cells than the DMSO-treated and control groups at P17 (P < 0.001; Fig. 4) . Most of these BrdU þ cells were localized in the INL on cryosections at P17. Few cells were coimmunostained with NeuN, in the RGC layer, and recoverin, in the photoreceptors of the ONL (Fig. 5A) . 
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þ cells was significantly higher in DHF-treated group than the DMSO-treated group ( Fig. 5B ; P < 0.05).
ERK Activation Mediates the Long-Term Neuroprotective Effects of DHF
Three major signaling pathways known to mediate TrkB receptor activation 21 were examined 24-hours post-HI injury. We did not detect any significant differences in the phosphorylation levels of p38 or Akt between the HI-injured and sham controls. In contrast, in the DMSO-treated group, we found a marked decrease in pERK levels, whereas DHF-treatment led to high levels of ERK activation. There were no significant differences between the DHF-treated group and sham controls ( Fig. 6A ; P < 0.05).
To inhibit the ERK pathway, we injected the DHF-treated rats with the ERK inhibitor, PD98059, after HI injury. The ERG showed that PD98059 treatment significantly decreased the amplitude of b-but not of a-wave at P30 ( Fig. 6B ; P < 0.01). In agreement, there was a significant decrease in the RGC number (P < 0.05) and the thickness of IPL (P < 0.01) and INL (P < 0.01; Fig. 6C ). There were no differences between the DHF-treated HI-injured group and the sham controls.
DISCUSSION
The results of the present study indicate that early systemic treatment with DHF leads to long-term neuroprotective effects against HI injury in the immature retina. In contrast to previous studies, DHF treatment did not attenuate the apoptosis, inflammation, BRB damage, and cell loss in the inner retina (RGC layer, IPL, and INL) at early stages (24 hours) after HI injury. We also found that the long-term protective effects of DHF were related to decreased gliosis and increased neuro- However, the b-wave amplitude was significant higher in the DHF-than the DMSO-treated pups. At P8, (B) representative retinal histologic sections and (C) group data showed both DHF-and DMSO-treated HI-injured pups had significantly fewer RGCs and thinner IPL than the sham controls. No significant differences between the DHF-and DMSO-treated groups were observed. At P14 and P30, the DHF-treated group had higher RGC numbers and thicker IPL and INL than the DMSO-treated group. No significant differences were seen between the DHF-treated group and sham controls. Scale bars: 100 lm; n ¼ 6 to 12 per group in each timepoint. *P < 0.05, **P < 0.01, ***P < 0.001. FIGURE 3. Systemic DHF treatment does not reduce early apoptosis, neuroinflammation, and BRB damage, but decreases gliosis. (A) Twenty-four hours after HI injury, the number of TUNEL þ and ED1 þ cells, as well as the extent of extravasation (IgG staining), were much higher in the IPL and INL of both DMSO-and DHF-treated groups than of the sham control group. At P30, GFAP immunostaining was very dense in all retinal layers in DMSO-treated, but not in the DHF-treated or sham control group. (B) No significant differences between DHF-and DMSO-treated groups were found in the number of TUNEL þ or ED1 þ cells and IgG immunoreactivity 24 h post-HI injury. At P30, the DMSO-treated group had significantly higher GFAP grades than the DHF-treated and sham control groups. No significant difference in GFAP immunoreactivity was found between DHF-treated and sham control groups. Scale bars: 100 lm; n ¼ 6 to 10 per group in each time point. *P < 0.05, **P < 0.01, ***P < 0.001.
genesis. Most BrdU
þ cells were detected in the inner retinal layers and were positive for MG or bipolar cell markers. These results suggest that in this injury model, TrkB activation via DHF can promote the conversion of proliferating retinal cells in the INL to MG, bipolar cells, and to a lesser extent, to other retinal neurons. Furthermore, the TrkB-mediated MAPK/ERK pathway seems to be critically involved in the neuroprotection and regeneration processes after HI injury of the immature retina.
Considerable research on the retina has mainly focused on neurons. However, glial cells are known to regulate retinal homeostasis and support neuronal function by maintaining retinal architecture and providing trophic support. 22 More recently, MG, the main type of glia in the retina, has been recognized as a form of late stage progenitor cell type, which acquires certain specialized glial functions, but does not irreversibly differentiate. 22 MG has also been shown to proliferate and produce neurons in several retinal injury models, albeit to a limited extent. 17 The regeneration of retinal neurons, such as bipolar or amacrine cells, by MG proliferation, can be enhanced by treatment with retinoid acid or growth factors in adult rodents. 23, 24 We found significantly more BrdU þ cells in the retinas of HI-injured rats, indicating the high potential for cell proliferation after injury. Furthermore, we showed that DHF treatment can prolong the survival of proliferating MG and promote the differentiation of mainly bipolar cells, a fact which contributes to long-term neuroprotection in both an anatomic and functional level.
MG transdifferentiation after retinal injury in mammals is considered to be mediated by the Wnt, Notch, and Shh signaling pathways. 23, 25 Daily injections of neurotrophins have been shown to stimulate MG in producing new neurons in the absence of injury. 26 In agreement, BDNF does not stimulate MG proliferation or the expression of neuronal markers in the degenerating retina of TrkB GFAP knockout mice. 10 These results demonstrate that glial BDNF signaling has important roles in neuronal survival and regeneration and, particularly, in the conversion of MG into neurons. Activation of the TrkB receptor by BDNF is known to stimulate important signaling pathways, including the MAPK/ERK, PI3K/Akt, phospholipase C-c, 27 and Janus kinase (JAK) /signal transducer and activator of transcription (STAT). 28 In RGCs, the Akt and ERK signaling pathways were enhanced through the activation of TrkB by DHF.
14 BDNF promotes neurite growth in the major pelvic ganglion of rats 29 and differentiation of neural stem cells 30 by activating the JAK/STAT pathway, but it is not clear whether JAK/STAT is directly acted on by BDNF in the nervous system. . Systemic DHF treatment prolongs retinal cell proliferation. At P10, the total number of BrdU þ cells in flat-mount retinas was increased after HI injury. There were no significant differences between the DHF-and DMSO-treated groups. At P17, the DHF-treated group had a significantly higher number of total BrdU þ cells than the DMSO-treated or sham control groups. The inset showed the BrdU þ cells. Scale bars: 500 lm at P10; 200 lm at P17; 10 lm (inset); n ¼ 8 to 10 per group in each timepoint. 
/ Chx10
þ cells was significantly higher in the DHF-treated group than the DMSO-treated group. Scale bars: 100 lm; 50 lm in inset; n ¼ 5 to 10 per group. *P < 0.05, ***P < 0.001. 6 . ERK activation mediates the neuroprotective effects of DHF. (A) At 24-h post-HI injury, Western blot analysis showed that there were no significant differences in pp38 and pAkt levels between the HI-injured and sham-operated rats. The DHF-treated group had higher levels of pERK than the DMSO-treated group. There were no significant differences between the DHF-treated and sham control groups; n ¼ 4 per group. (B) Inhibition of ERK phosphorylation, with PD98059 after HI injury significantly decreased the amplitude of the b-, but not the a-wave in the electroretinograms of DHF-treated rats at P30. (C) Histologic analysis also showed that PD98059 significantly reduced the number of RGCs and the thickness of the IPL and INL of the DHF-treated rats at P30. There were no differences between the DHF-treated and sham control groups. Scale bars: 100 lm; n ¼ 12 to 20 per group. *P < 0.05, **P < 0.01, ***P < 0.001.
In our experiment, DHF treatment increased the retinal levels of pERK but not pAKT at 24 hours post-HI and promoted the proliferation of retinal cells mainly in the INL at P17. Our data indicate that ERK activation is pivotal for the long-term neuroprotective effects of DHF. It is thus possible that the MAPK/ERK signaling mediates the effects of neurotrophins on MG proliferation and transdifferentiation. The relationship between TrkB and the JAK/STAT pathway is not clear and remains to be explored in our model.
Many studies have demonstrated the neuroprotective effects of BDNF/TrkB activation. In models of brain injury, BDNF treatment decreases early neuronal death by reducing apoptosis and inflammation. 31 Moreover, intravitreous injection of BDNF reduces early apoptosis and microglial activation after retinal injury in adult rats. 32 Although there is an upregulation of BDNF expression after neuronal damage in adult rodents, the amount of BDNF is not sufficient to promote recovery. 33 Hence, exogenous supplementation with BDNF could be beneficial in that regard. In our injury model, BDNF mRNA levels in the retina significantly decreased 6 to 24 hours after HI injury. Systemic DHF treatment 2 hours before and 18 hours after HI injury stimulated TrkB activation, without increasing the expression of BDNF, to preserve the integrity of the retina at P14 and P30. Nonetheless, DHF treatment did not provide complete protection, as demonstrated by the ERG on P14 and P30 and the INL thickness on P30. Further cocktail therapy, such as combining VEGF, DHF, and hypothermia treatment, may be a better strategy for neonatal neuronal injury.
Most investigations have focused on promoting brain recovery after HI injury in neonates, although this injury can also cause systemic damages, including retinal damage. 8 Therefore, future therapeutic strategies for treating HI insults should take into account the retina in addition to the brain. Furthermore, it has been shown that BDNF enhances RGC survival and function when injected both to the eyes and central visual pathway than only to the eyes. 34 These data imply that systemic treatment is necessary for achieving functional recovery after HI insult, such as therapy using hypothermia. 35 In the current study, we show for the first time that systemic treatment with DHF, which can cross the BRB, protects the immature retina against HI injury via enhancing neurogenesis. This systemic-delivery strategy might prove promising toward the aim of replacing a variety of neuronal subtypes after perinatal HI injuries.
